Electrical methods for thermal characterization, like 3 method, 1 micro-bridge method 2 and TET method, 3 have been widely used in the thermal property measurement, while always been limited by the electrical conductance of samples or other temperature dependent thermal resistors. As an optical method, Raman thermometry has been developed and broadly applied in thermal characterization in recent years. In this work, we present a steady-state method based on Raman spectroscopy for the localized thermal characterization of micro/nanowires and thin film materials, respectively. The physical models are developed and two kinds of materials: a MWCNT bundle and a piece of buckypaper are measured to validate this method. The thermal conductivities are measured as 4.92 W/m K and 0.83 W/m K for CNT bundle and buckypaper respectively. Compared with other optical methods, this steady-state Raman method features easy and fast way for thermal characterization, being capable of measuring samples from millimeters down to nanometers.
INTRODUCTION
Emergence of new nanostructured materials brought up the huge demand for the thermal characterization which has higher standards due to the unique property as well as the tiny sizes of the materials. Existing micro/nanoscale thermal characterization techniques can be divided into electrical method and optical method by measurement tools and principle, as well as steady-state method and transient method from the time domain. Frequently used electrical methods, such as micro-bridge, 2 4 3 1 5 and TET 3 are all based on the temperature dependence of electrical resistance. Calibration experiment for the relationship between temperature and resistance need to be established in advance of the measurement experiment. For samples with low temperature-resistance response or with rough surface which has difficulty in gold coating, the calibration experiment is difficult to accomplish. For samples with good optical absorption, the optical thermal characterization method is a better choice. Some methods such as laser flash 6 7 and pump-and-probe 8 9 are either based on the laser absorption or temperature dependence of reflectivity. They are all transient methods which have higher * Author to whom correspondence should be addressed. system requirements for coordination between excitation and probing.
In recent years, a steady-state optical method: the Raman thermometry technique has been widely used in thermal characterization of many materials, [10] [11] [12] [13] [14] including temperature coefficient characterizations of carbon nanotube and graphene, [15] [16] [17] [18] temperature mapping in siliconbased electronics, 19 and so on. Very influential works include the first study of thermal conductivity of suspended single layer graphene by Balandin et al. 11 and another graphene measurement work by Lee et al. 20 Chen et al. 21 also used Raman method to study the thermal property of graphene in both vacuum and gaseous environments, which extensively prove the measurement capacity for nano-scale samples. In Raman thermometry, the peak frequency is often used as the temperature indicator due to the higher sensitivity than other features. For carbon materials which have been studied extensively in recent years, the Raman peak (e.g., G-band) shifts to the left as temperature increases, with a linear relationship within a small temperature range. 18 The peak intensity is also dependent on the temperature but usually get affected by the focal level of the sample. The temperature dependence of peak width is not as significant as two features above, but it is still a good reference for temperature probing because only this feature is independent of strain effect. 22 The selection of Raman thermometry feature depends on the experimental conditions, such as the quality of materials, resolution limit of spectrometer and the specification of the probing laser. As a non-contact and non-destructive measurement approach, Raman thermometry is capable of monitoring temperature and characterizing the thermal property of sample with dimension down to nanometers. 19 In our previous work, we developed a technique based on Raman thermometry to measure thermal conductivity of micro/nano wires, which is designated as the "Steadystate Electro-Raman-thermal, SERT" technique. 23 24 The SERT technique combines the Joule heating and Raman thermometry to measure the middle temperature to derive the thermal conductivity of the one-dimensional material.
In that method, we eliminated the heating effect from incident laser by conducting the calibration experiment. As the matter of fact, the heating effect from the laser could be significant due to the small laser spot and powerful laser intensity to excite Raman signal. The heat dissipation from the laser absorption could be dominant in the laser irradiation area. Therefore, the study of localized heat dissipation at that point can be very interesting beside the uniform Joule heating along the sample. In this work, we report the modified SERT technique by eliminating the Joule heating and only considering heating effect from the laser. Without the need for nanofabrication of experiment circuit for Joule heating, this work features the fast and easy measurement, while being capable of measuring sample down to sub-micron size.
EXPERIMENTAL PRINCIPLE AND
PHYSICAL MODEL DEVELOPMENT
Experimental Principle
The experiment principle is similar to SERT technique. 23 For micro/nanowires, the sample is bridge-suspended on two bulk heat sinks with ends closely pasted. In this technique, the ends' connections are used only for the heat dissipation purpose, thus the heat sink doesn't have to be metals. The incident laser is irradiated on the middle of the sample. Absorbed laser in the sample heats the irradiation spot, and the heat dissipates along the sample toward the ends. The endpoint temperature can be regarded as room temperature since the ends are attached on the bulk with large heat capacity. During laser heating experiment, the corresponding Raman signal is collected. Based on the Raman thermometry, the middle temperature of the sample can be obtained, thus the relationship between heating energy and temperature response can be established. The thermal conductivity of sample can be calculated according to this linear relationship, which will be discussed in details next for the physical model development.
For the thin film material, the sample is suspended on a hole with the edge closely attached on the substrate. Similar as aforementioned microwire experiment, the laser is irradiated on the center of the sample, and heat dissipates from the center to the edge. The local temperature at the center can be monitored by the corresponding Raman signals at different heating levels. Similar physical model is established with thermal conductivity readily derived from the linear relationship between the temperature rise and laser heating.
Physical Model for Measuring Thermal
Conductivity of Micro/Nanowires Figure 1 shows the experimental principle of thermal property measurement of micro/nanowires. Assuming the thermal properties stay constants within a small temperature range, the governing equation for this 1-Dimentional steady-state model within laser irradiated region is: k T + q = 0. In this equation, T is temperature, k is thermal conductivity of the material,q is equivalent heat generation rate (W/m 3 ) in the sample. It can be derived from the laser absorption Q asq = Q/2 r 2 s r 0 , where r s is radius of sample, r 0 is half length of laser beam. Outside laser heating region, the governing equation can be simplified as one without heat generation, that is −kA T = Q/2 since the heat dissipates in two directions towards the ends.
In laser irradiation area (r < r 0 , r 0 is the half length of laser beam), combining with heat dissipation equation outside the laser irradiation region, the temperature distribution can be easily obtained by applying boundary conditions that end temperature of the sample is room temperature and there is no heat flux at r = 0 as:
Thus, the average temperature within laser irradiation region can be derived as:
It shows that the average temperature at the laser heating area has the linear relationship with absorbed laser energy, and the coefficient is L/2 r Laser is irradiated at the center of the sample, heat dissipates to the edge. Raman signal is collected to monitor the localized temperature increase.
Conductivity of Thin Films Similar as micro/nanowires, Figure 2 shows the measurement principle of thermal characterization of thin films. Assuming the thermal properties stay constants within a small temperature range and only steady-state heat conduction is considered, the governing equation for this twodimensional heat dissipation model within laser irradiated region is: k 1/r d/dr r dT /dr +q = 0. In this equation, T is temperature, r is distance from the midpoint in radius direction of the sample, k is thermal conductivity of the material, andq is the equivalent heat generation rate (Q/ r 2 0 d, where r 0 is equivalent radius of laser irradiation area, d is thickness of the sample). Outside the laser heating area, the governing equation is −kAdT/dr = Q, where r is radius of the sample; A is cross-sectional area of the sample for the heat dissipation from the center to the margin.
For the region r < r 0 : temperature distribution can be derived as:
Thus, the average temperature in laser irradiation area is:
It also shows that the average temperature at laser irradiation area has the linear relationship with laser energy Q , and the coefficient is ln r L − ln r 0 /2 + 1/8 / dk. The center temperature can be directly measured from the Raman signal. Then, the thermal conductivity of the micro/nanowires can be obtained.
EXPERIMENTAL DETAILS AND DISCUSSION

Experimental Details
To validate this method, we use two samples for the thermal characterization. Figure 3 shows the experimental setup for thermal conductivity measurements of micro/nanowire (a), and thin film (b). In the micro/nanowire experiment, the multi-wall carbon nanotube bundle (MWCNT) from Oak Ridge National Laboratory is measured. The sample wire is torn from the original bundle with 1.57 mm in length and 0.07 mm in diameter (as shown in Fig. 4 ). Then it is suspended with two ends connected to the bulk materials. Raman spectrometer used in this work is installed with 532 nm excitation laser and a spectrometer with a 1.75 cm −1 pixel resolution. The full energy of the excitation laser is 20 mW. For carbon materials, the laser absorption at this wavelength is about 83%. 25 In the experiment, the 50X lens with long working distance is used for Raman signal collection. The focal plane of the laser beam through this lens is 2 m (width) × 4 m (length). To get sound Raman signal, an integration time of 240 seconds is used throughout the whole experiment. During the measurement, the laser is adjusted to focus on the middle, and 25%, 79% and 100% of the laser energy are used to heat the sample with Raman spectrum collected for corresponding temperature increase.
In the 2-D experiment, multiwall carbon nanotube thin film (named buckypaper) was used, as shown in Figure 5 . The sample was purchased from the NanoLab Inc. In the fabrication, MWCNTs (95%) are fully dispersed in the water for chemical treatment, then mixed with glue and pressurized to a black piece of paper. After it is dried, it is cut to different shapes for different applications. The sample used in this experiment is a small piece with 5 mm in diameter and 0.16 mm in thickness. The sample is placed on a copper piece with a hole just below the buckypaper piece. The edge of the sample is adhered to the copper for heat dissipation. Since the copper piece is big compared with the sample, it is reasonable to regard the edge temperature of the sample stays at room temperature. In the experiment, the same probing laser used in 1-D measurement is employed to focus on the center of the sample by using the 50X lens. Also, four energy levels: 25%, 79% and 100% of the laser energy are used to heat the sample with each Raman spectrum collected for corresponding temperature increase. Figure 6 (a) shows the typical Raman spectrum of MWCNTs (used in our experiment). Since the buckypaper is also made of MWCNTs, only one is shown here as an example. In this figure, we can clearly observe two distinct peaks: D-band (around 1350 cm −1 and G-band (around 1590 cm −1 for the range from 1000 cm −1 to 2000 cm −1 . The D-band peak stands for the structural defect in the carbon-carbon structures, people use D-band to qualify the structural quality of carbon nanotubes. 26 While the G-band is the graphite mode, comes from the planar vibrations of carbon atoms. 26 For most Raman thermometry study of carbon nanotubes, G-band is selected to study due to the sound signal and temperature response. 14 As shown in Figure 6 (b), the temperature dependence for G-band is almost linear with coefficient −0 026 cm −1 /K, which has been confirmed by many researchers. 12 14 Figure 7 (a) shows the Raman spectra of the CNT bundle at different heating levels. An obvious trend of blue shift of Raman peak (G-band) can be observed which means that there is sound temperature response when the higher heating intensities are applied. In all Raman thermometry experiments, there has been a problem about how to define the Raman spectrum at room temperature. Because there always involves the heating effect from probing laser despite how small the laser energy is, the local temperature of the sample is not actually the room temperature. To avoid this undesired heating effect, we didn't define the Raman spectrum at room temperature, but reasonably use a given Raman shift of G-band at room temperature. By using this value, the temperature rise for each heating level can be derived from the temperature coefficient of G-band aforementioned above. Figure 7(b) shows the relationship between temperature rise and heating power. The linear fitting is conducted. Since only the slope of the temperature-heating power relationship is counted for the thermal conductivity calculation, it doesn't matter what the Raman shift at room temperature has been used as long as the point at zero heating level is not involved in the fitting. Applied with the slope of linear fitting, the thermal conductivity of the sample can be derived from the slope as 4.09 W/m K. Similar as the CNT bundle, the experimental result for buckypaper is shown in Figures 8(a) and (b) . Figure 8( An obvious trend of blue shift of G-band peak is observed. Applied the temperature coefficient for G-band, the relationship between temperature rise and heating power is established, as shown in Figure 8(b) . In 2-D heat dissipation model for thin films, the thermal conductivity of the sample can be derived as 0.69 W/m K.
Experimental Result and Discussion
Comparing thermal conductivities of these two nanostructures, the MWCNT bundle has higher thermal conductivity than the buckypaper. Although they are all made of MWCNTs, the inner thermal property of the material is not just determined by the kind of material inside, but also highly dependent on the arrangement of inner materials. As shown in Figure 9 for the SEM images of two samples, the CNTs are randomly distributed in the buckypaper, while the CNTs are very good aligned inside the bundle. As known worldwide, the CNT dissipates heat very fast, with thermal conductivity in orders of 1000 W/m K, 27 28 it can be concluded that the main thermal resistance of our materials comes from the contact resistance of CNT-CNTs. In 2009, Chalopin et al. presented theoretical thermal analysis of pellets composed of micrometers-long CNTs by using Green functions. 29 They pointed out that there exists a limit in the order of a few W/m Ks for the thermal conductivity of CNT bucky materials due to the random distribution and the contact resistance effect inside the material. 29 
Error Analysis Due to Radiation and
Convection Heat Loss To avoid the measurement error from the heat loss induced by the radiation and convection effect, it is recommended to conduct the experiment in the vacuum environment supplied with additional self-heating setup to avoid radiation. But this also increases the complexity of the measurement system. Our experiments were conducted in the air rather than in the vacuum condition. In the following content, we will discuss the error induced by the thermal radiation and convection effect in the measurements.
For the CNT bundle, we can calculate the thermal radiation and convection heat loss at the highest heating level. It is good to approximate the temperature distribution as linear along the axis of CNT bundle with maximum at the middle point T m since the laser irradiation area is much smaller than the rest. Assuming that the average temperature of the sample is T a = T m + T 0 /2 and the emissivity of the sample surface is 1 (ideal black body), the thermal radiation can be simply estimated by Q r = A T 6 mW) , the uncounted heat loss due to radiation only give an error about 5.22% on the thermal conductivity determination in the experiment. For the heat convection, the heat loss can be roughly calculated by Q c = hA T a − T 0 as 0.62 mW, where h is the coefficient for the nature heat convection (around 10 W/m 2 K). Compared with laser absorption, the uncounted heat loss due to radiation only give an error about 3.88% on the thermal conductivity result. The combined effects of thermal radiation and convection heat loss have the maximum error of 9.11% on the final result, which would not significantly decrease the measured value for the CNT bundle.
As the same analysis for the CNT bundle, we can calculate the thermal radiation and convection heat loss for the buckypaper. The temperature distribution in the radial direction of the sample can be written as T r = −37 86 ln r/2 5 × 10 −3 + 293. Thus, the average surface temperature of the sample can be calculated byT
rT r dr as 312 K (at the maximum heating power). Assuming that the emissivity of the sample surface is 1 (ideal black body), the thermal radiation can be simply estimated by Q r = A T , A is the surface area of the sample. Compared with total laser energy, the uncounted heat loss from radiation would give an error about 28% on the thermal conductivity. It is a reasonable result comparing with the CNT bundle since the buckypaper has much higher surface area than that. For the heat convection, the heat loss can be calculated by Q c = hA T a − T 0 as 7.43 mW, where h is the coefficient for the nature heat convection (assume 10 W/m 2 K). Compared with laser absorption, the uncounted heat loss due to radiation would give an error as high as 45% on the thermal conductivity evaluation. The combined effects of thermal radiation and convection heat loss have the significant error about 73%. Thus, the thermal conductivity measured our experiment can be over-estimated by the maximum of 73%. The real thermal conductivity could be as low as 0.40 W/m K.
Comparison with Steady-State
Electro-Raman-Thermal (SERT) Technique Recently developed SERT technique has its advantages in thermal characterization by using Joule heating, which can be easily controlled for even heating along the sample. 23 But the Joule heating requires the sample to be well connected to the electrodes which increases the difficulty of circuit fabrication. Meanwhile, the electrode connections should be carefully prepared in case that the high electrical contact resistance at the end could give undesired heating effect, which cannot keep the sample ends staying at the room temperature and involve error in Joule heating of sample and thus in thermal conductivity determination. For the laser-heating Raman method as introduced in this work, there should be no concerns about the electrical contact resistance since only laser irradiation area is regarded as heat generation area.
During thermal characterization experiment by SERT technique, the undesired heating effect from the probing laser could bring errors to some extent. Because the Raman signal is relatively low comparing with other photon scatterings, the laser energy should be high enough to excite enough photon to get sound Raman signal, therefore, in the experiment people would like to adjust the laser at the highest level. This comes out the problem that the relatively high laser energy focused on a small region of the sample would even be more intense than the Joule heating level. The measured temperature is not actually the value induced by the Joule heating but the combined effect of Joule heating and laser heating. Although this undesired heating effect can be mainly eliminated by conducting the calibration experiment, very little inconsistency in focal levels between calibration and measurement could give high errors in temperature determination. In laser-heating Raman method, this would not bother anymore since only laser heating is applied and evaluated in the calculation. The temperature can be precisely determined.
There is drawback of this laser-heating Raman method. Since the laser absorption is involved in the thermal conductivity determination, the laser absorption should be precisely determined, otherwise, it would contribute direct 
Measurement Capacity of Samples with
Dimension Down to Sub-Micron This laser-heating Raman method can be applied on the measurement experiment of extremely small samples, e.g., samples with sub-micron size. In this case, the laser beam can fully cover the sample and the measured temperature would be the mean value. Assuming that the absorbed laser intensity isq, the mean temperature can be derived asT = qL 2 /3k + T 0 , for micro/nanowires where L is half length of the wire, the slope (L 2 /3k, slightly different with that of the buck materials) of linear relationship between heating power and mean temperature can be used to determine thermal conductivity. For the thin films with size less than 1 m, the mean temperature of the sample can be obtained asT =qr 
CONCLUSION
In this work, a simple steady-state thermal characterization method based on Raman spectroscopy is presented for measuring thermal conductivity of micro/nanowires, and thin films. By irradiating at the center of the materials with probing laser, corresponding temperature rise can be monitored and used for calculating thermal conductivity based on physical models developed in this work. To validate this method, two typical samples: the MWCNT bundle and buckypaper are tested with thermal conductivity measured as 4.09 W/m K and 0.69 W/m K, respectively. The relatively low value for the buckypaper is attributed to the random distribution of inside CNTs, which gives the high contact resistance for the thermal transport. The measurement uncertainty is discussed for the heat loss due to the radiation and convection effect. Overall, this technique features easy and fast way for measuring thermal property, being capable of measuring sample with down to sub-micron scales.
